The structure and interactions in electrolytes at high concentration have implications from energy storage to biomolecular interactions. However many experimental observations are yet to be explained in these mixtures, which are far beyond the regime of validity of mean-field models. Here, we study the structural forces in a mixture of ionic liquid and solvent that is miscible in all proportions at room temperature. Using the surface force balance to measure the force between macroscopic smooth surfaces across the liquid mixtures, we uncover an abrupt increase in the wavelength above a threshold ion concentration. Below the threshold concentration the wavelength is determined by the size of the solvent molecule, whereas above the threshold it is the diameter of a cation-anion pair that determines the wavelength.
Room temperature ionic liquids are revolutionising many application areas, from electrochemical energy storage to lubrication [1] . Their wide electrochemical window, chemical stability and low volatility make them ideal electrolytes for electrochemical appliances [1, 2] . Pure ionic liquids are usually mixed with polar organic solvents to lower their viscosity in order to enhance conductivity [3] [4] [5] . However, the effect of solvent concentration on the interfacial structure of ionic liquid-solvent mixtures at high concentration is not yet clear. The combination of ionic liquid and polar solvent is, in some respects, similar to simple inorganic salts in water; e.g. the long range screening observed at very low salt concentrations and recently also demonstrated at high concentrations is similar for ionic liquids and NaCl in water [6] . However in other respects ionic liquid electrolytes are distinctly different to standard inorganic electrolytes: (i) Ionic liquids can be mixed with solvents over a far greater range of mole fraction, often fully miscible from 0 -100% salt, allowing different regimes to be accessed; (ii) The complex orientation-dependent interactions in ionic liquids lead to non-trivial bulk structure [7] and potentially different electrochemical and physical properties.
Previous studies have shown that, in many cases, pure ionic liquids form a layered structure near a charged surface with an alternating arrangement of counter-ions and co-ions [8, 9] and the layer thickness is determined by the dimension of an ion pair. This layering effect gives rise to an oscillatory structural force -the force between charged surfaces in an ionic liquid oscillates between attraction and repulsion as a function of surface separation [10] . The wavelength of the structural force, determined by the width of those ion layers, sets the location of energy minima between colloidal particles and between macroscopic bodies in ionic liquid solutions. As such it is important for phenomena such as electrowetting [11] [12] [13] , electrokinetic flows [14, 15] , and friction/adhesion [8, [16] [17] [18] [19] ; in each of these examples the microscopic length scale of fluid "layering" is critical. Although controlling the screening length is a common theme in soft matter [20] , to our knowledge the tuning of the layer thickness and the wavelength of the structural force has rarely been reported; one instance is the switch in wavelength with the transition from monolayer to bilayer structures in ionic liquids [21, 22] .
Here we study the structural force in an ionic liquid mixed with a polar solvent over the full range of mole fractions, from 0%-100% added salt, and demonstrate a discontinuous switch in the wavelength of the oscillatory structural force at an intermediate concentration.
At low concentrations (below 30 Mol% salt) the wavelength is constant and determined by the solvent diameter, whereas at high concentrations the wavelength is again constant but determined by the ion pair dimension. This transition is sharp within our experimental resolution. Our measurements also reveal that there are two decay lengths in concentrated electrolytes -the decay length of the oscillatory structural force and decay length of the long range monotonic screening [6] ; the two lengths can differ by an order of magnitude.
Our measurements were carried out using the surface force balance (SFB). The technique and detailed experimental procedures have been described elsewhere [23] , and are shown schematically in Figure 1 . Two backsilvered mica pieces of uniform thickness (1-3 µm in these experiments) are glued to cylindrical silica lenses with the mica facing upwards. For reasons of solubility, EPON 1004 (Shell Chemicals) is used to glue mica pieces for ionic liquid-rich solutions, while glucose (Sigma-Aldrich, 99.5%) is used for the propylene carbonate-rich solutions. The lenses are mounted in the apparatus facing each other in a crossed-cylinder configuration. Whitelight multiple beam interferometry is used to determine the surface separation D by means of constructive interference fringes of equal chromatic order (FECO) [24] . The deflection of a horizontal leaf spring is measured directly via interferometry to determine the surface force malised by the mean local radius of curvature, R, of the glued mica surfaces (R ≈ 1 cm), inferred from the interference pattern, and allows comparison between different contact regions. The measured force F N is related to the theoretical interaction energy, E, between flat surfaces at the same surface separation via the Derjaguin approximation F N /R = 2πE [25] .
(Iolitec, 99%), was dried in vacuo (10 −2 mbar, 70 o C) overnight before preparing the electrolyte solutions. Propylene carbonate (Sigma Aldrich, anhydrous, 99.7%) was used as received from freshly opened bottles. Figure 2 shows the measured force between atomically smooth mica sheets for concentrations ranging from pure propylene carbonate (0% ionic liquid; Fig.1B ) up to 100% ionic liquid (Fig.1H) . Interaction forces in this system can involve a weak monotonic component extending beyond the layering region. We have discussed this aspect elsewhere [6] ; here we focus on the layering region where the force minima, and thus layer width, can be resolved.
We first examine the behaviour of pure propylene carbonate liquid, as shown in Fig. 2B . The oscillatory force measured, corresponding to layering, is in agreement with previous surface force measurements of non-aqueous polar [26] [27] [28] and non-polar [29, 30] liquids confined between mica surfaces. The wavelength is ∼ 0.55 nm, similar to the molecular size of propylene carbonate. The weak exponential tail is due to dissociation of potassium ions from the mica surface. Fitting to DLVO theory yields a measured Debye length of 112nm, which corresponds to a 1:1 electrolyte concentration of 6 × 10 −6 M and consistent with dissociated potassium ions and ions arising from dissolved gas molecules.
Addition of 10
] to the propylene carbonate, as shown in Fig. 2C , results in a qualitatively similar force profile; wavelength corresponding to pure propylene carbonate solvent, 0.55nm, is observed. These oscillatory structural forces appear to be additive to the double layer force, which has a decay length of 3 nm (0.8 × 10
−2 M assuming a 1:1 electrolyte) agreeing with the nominal solution concentration. Similar behaviour continues up to a concentration of 2M (Fig.  1D-E) , albeit with a weaker magnitude.
The results for the 2.5M solution are shown in Fig.  2F . Strikingly, the wavelength changes abruptly at this concentration: the wavelength is ∼ 0.8nm. Increasing the concentration further to 3M (Fig. 2G ) results in a wavelength of ∼ 0.8nm again, with the force oscillations now more pronounced. Finally, we studied the pure ionic liquid, with no propylene carbonate solvent, giving rise to an intrinsic ion concentration of 3.3M; this is shown in Fig. 2H . The distance between force minima is determined as 0.8 ± 0.04nm, which agrees with previous SFB [21, 31] and atomic force microscope [32] measurements for this ionic liquid. Figure 3 summarises our key results: the wavelength of the structural force changes from the size of a solvent molecule in a dilute ionic liquid solution to the size of a cation-anion pair in a concentrated solution. To within experimental error, this transition is sharp. The magnitude of the force reaches a minimum at the threshold concentration associated with this transition. This force magnitude minimum could be heuristically interpreted as the presence of ions (solvent) "disrupting" the structure of the solvent (ions).
Another aspect of this oscillatory structural force is the characteristic decay length of the envelope enclosing the oscillatory force. The envelope can be fitted to an exponential decay and Figure 4 shows that the decay length is approximately constant (∼ 0.9 nm) up to 2M, then increases to ∼ 1.5 nm beyond 2M, and remains the same up to pure ionic liquids. This transition in the decay length of the oscillatory envelope occurs at the same concentration as the jump in oscillation wavelength from the dimension of a solvent molecule to the dimension of an ion pair. The apparent correlation between the oscillation wavelength and decay length of the structural force suggests that the oscillatory structural force can be described by a single lengthscale which determines both the wavelength and decay. We note that the decay length of this oscillatory structural force is distinctly different to the decay length of the long-ranged electrostatic screening reported by us previously for the same liquids [6] (Figure 4) . We showed previously that the electrostatic screening length, λ s , estimated by fitting the surface forces beyond the oscillatory region to an exponential decay, can be much longer than the DebyeHuckel screening length computed using the nominal ion concentration and demonstrates an anomalous increase with concentration for concentrated electrolytes [6] . In the pure ionic liquid the structural force is short-ranged whereas the electrostatic screening length is an order of magnitude larger than the ion diameter.
The existence of two decay lengths, and the fact that the decay length of the short-ranged, oscillatory component is independent of the electrolyte concentration except the abrupt jump whereas the decay length of the long range force continuously varies with concentration (Figure 4) , suggest that the oscillatory structural force may have origin in steric packing of a strongly confined system rather than long ranged electrostatic interactions. Focusing on steric effects, in a mixture of "big" and "small" hard-sphere particles, an abrupt crossover in the oscillatory wavelength as a function of concentration is The decay length of the oscillatory structural force is determined from an exponential fit to the minima of oscillations shown in Fig. 2 B-H. The decay of the long-range electrostatic force is determined from an exponential fit to the long range tail. This was recently show to demonstrate an anomalous increase at high concentration [6] . The long-range screening length measured in pure PC, not shown, is 112nm.
predicted [33] and observed in experiments with colloidal particles [34, 35] ; the ion pair diameter is almost twice the solvent diameter, well in the regime where this structural transition is expected to occur [33] . This abrupt transition is not apparent in earlier experiments with big and small non-polar molecules [36] , possibly because the range of compositions investigated was narrower and the SFB experiments had lower resolution. We note that in X-ray reflectivity experiments [37] , the structure of ionic liquid adjacent to a single charged interface has been studied as a function of dilution and confirms an oscillatory charge density decay at higher concentrations (corresponding to the Kirkwood line [38, 39] ). However, the solvent-determined periodicity in our SFB "squeeze-out" experiments is not apparent in the analysis of those experiments. This difference is likely due to the fact the analysis [37] has not accounted for the possibility of two decay lengths, one for the correlation between "bigger" ion pairs and one between "smaller" solvent molecules [35] .
Another possible, though less likely, mechanism that may give rise to a switch in the structural force is an adsorption mechanism. In systems where a bulk electrolyte reservoir is in equilibrium with a confined system, it is well known that the concentration of ionic species in the confined system is different to the bulk electrolyte concentration (the Donnan effect, e.g. [41] ). Future work using experimental setups that can track the composition of the fluid in the mica-mica slit [42] will shed light on whether the composition of the electrolyte changes abruptly as a function of bulk concentration.
In summary, we studied the force between mica sheets across mixtures of neutral propylene carbonate and an ionic liquid salt at concentrations ranging from pure propylene carbonate up to pure ionic liquid. The shortrange structural force is oscillatory and indicative of layering, and the wavelength of the force oscillations changes abruptly as the ion concentration is increased. Moreover, the decay of the oscillatory envelope is connected to the oscillation wavelength, but entirely different (with different concentration dependence) to the long-range screening reported recently in the same liquid mixtures. Although results are reported for the [C 4 C 1 Pyrr][NTf 2 ]-propylene carbonate system, we believe this phenomenology is general for mixtures of ionic liquid with nonaqueous solvents. Previous SFB experiments have shown that the oscillation wavelength of the force profile for pure ionic liquids is approximately an ion pair diameter regardless of ion chemistry as long as the length of the alkyl chains is below the threshold for forming a bilayer structure [43] . Therefore the choice of this particular ionic liquid is completely arbitrary-[C 4 C 1 Pyrr][NTf 2 ] is chosen only because it is one of the ionic liquids that is completely miscible with propylene carbonate at all compositions at room temperature.
Our results point towards a new avenue to tune in-terfacial phenomena such as adhesion, lubrication, wetting and electrokinetic flows with ionic liquid solutions. In particular, as the friction response of ionic liquidlubricated systems display distinct friction-load regimes depending on the number of confined ion layers [17] , tuning the lengthscale of layering is one significant step towards addressable lubricant design. Moreover, we hope our approach will open up the horizon of rational electrolyte design via engineering the wavelength and decay of short-range structural forces, perhaps independently from the long-range screening length. In particular, multiple switch settings for oscillation wavelength may be possible if more length scales are introduced by using a mixture of solvents and salts.
